R eentrant ventricular tachycardia is an important clinical problem. It is caused by an electric circuit traveling in 1 or more loops that are constrained to the ventricular myocardium. 1, 2 The arrhythmia often originates after myocardial infarction, in the region near the infarcted area. This proximate region or infarct border zone (IBZ) contains surviving strands of myocardial fibers that continue to conduct electrical activity. 1, 2 Electrical conduction there is constrained by the infarcted region, which does not activate, by the geometry of the remaining viable myocardial tissue, and by the contour of the heart surface in proximity to the IBZ.
Several mechanisms have been suggested to explain the formation of functional block leading to and maintaining reentry, all of which likely have a contribution. One possibility is that disparate gap junctional connecting properties suppress activation from one myocyte to the next. If, for example, there are less gap junctions between connecting cells than normal, it can result in an insufficient current density during activation and may lead to conduction block. 3 Another mechanism that has been proposed is the presence of disparities in ion channel properties in the IBZ. 4 Such regions would have differences in the functioning of sodium, potassium, and calcium current ion channel gates between the postinfarction myocardial cells, when compared with their normal properties. This would alter the depolarization and repolarization phases of the action potential, possibly preventing activation between cells or causing it to be slowed or weak. Similar to the proposed gap junction mechanism, if the ion channel properties are disparate across a transition zone, it may result in a lack of electrical connectivity. On one side of the transition zone, when activation occurs, ions are not transferred with sufficient density or rapidity to cells on the other side of the transition zone, preventing activation of the neighboring cells. Disparities in gap junction and ion channel properties may be important to the formation of functional conduction block leading to reentrant ventricular tachycardia circuits.
A third possible mechanism has been put forth to explain conduction block leading to the onset and maintenance of reentrant ventricular tachycardia circuits. [5] [6] [7] [8] Source-sink mismatch can cause block of the electrical activation wavefront when it travels in certain directions with respect to the structural characteristics of the IBZ substrate. This mismatch would be expected to occur only when the wavefront orientation causes it to travel across a sudden transition from a smaller to a larger volume of viable myocardial substrate. In the next sections, the properties pertaining to this phenomenon are considered in detail, and the clinical ramifications will be described in the Discussion section, along with the contribution of molecularlevel properties. By developing a biophysical model of reentry based on wavefront curvature and source-sink mismatch, the localization of the arrhythmogenic tissue for radiofrequency catheter ablation can potentially be improved.
Functional Conduction Block at the Lateral Isthmus Boundaries
The presence of critically convex wavefront curvature at geometric transition points and its effects on the formation of functional electric conduction block at the onset of reentrant ventricular tachycardia is assessed in this section. The work was initially developed from electric activation mapping studies in postinfarction canine hearts and from analyses to determine IBZ geometry. By registrating activation maps with IBZ geometry, it was possible to determine the substrate characteristics leading to functional conduction block. Locations of block formation could then be predicted by formulating equations to describe alterations in the activation wavefront at geometric transitions.
In order for reentry to occur, the activation wavefront must be impeded from propagating in certain directions. In canine as well as clinical postinfarction, most reentrant circuits have a double-loop pattern of activation and reside in the left ventricular myocardium, 9, 10 as illustrated in Figure 1 . The electric impulse proceeds as a single wavefront through a constrained region known as the central common pathway or isthmus of the reentrant circuit. Here, lateral lines of functional conduction block during tachycardia, which are not present during sinus rhythm, bound the isthmus. The impulse then proceeds through the isthmus exit, whereupon it bifurcates into 2 distinct activation wavefronts, which circle around the bounding lines of conduction block through an area known as the outer circuit pathway. At the opposite end of the reentry isthmus, these 2 distinct wavefronts coalesce, at which point the single impulse reenters the constrained central common pathway. Since the area is constrained, it is ideally here, within the central common Functional Conduction Block pathway, that the wavefront should be blocked using radiofrequency ablation energy to create a lesion. This would prevent recurrence of the arrhythmia if the lesion created successfully prevents conduction through the isthmus region.
Another characteristic of this source of ventricular tachycardia in both canine experiments 11, 12 and clinical cases 13 is that when multiple reentry morphologies arise, they often originate from a shared isthmus region ( Figure 2 ). For each morphology, the orientation, shape, and length of the isthmus will differ, but they will each overlap the same general area. In the Figure 2 schematic representation, examples of 2 ( Figure  2A ) and 3 ( Figure 2B ) reentry morphologies are shown. Arrows denote propagation direction through the isthmus for each of the morphologies.
The characteristics of reentrant ventricular tachycardia in the IBZ can be explained based on an impedance or source-sink mismatch at a transition region, resulting in functional block. [5] [6] [7] 15 In canine postinfarction, the reentry isthmus forms at the region where the IBZ is thinnest, that is, there are fewest surviving myocytes between infarct and heart surface. [8] [9] [10] The thickness of this region, when reentry is inducible, has been measured to be on the order of 100 to 500 µm. [8] [9] [10] When the reentrant circuit resides in the subepicardium or subendocardium, it is bounded by infarct at depth and by the actual heart surface. It, therefore, propagates approximately 2-dimensionally, along an xy plane, if the fact that the heart is actually a curved surface is neglected. The thickness of the IBZ can then be considered to be a third or z axis. In early experiments, it was shown that when the activation wavefront was constrained to traveling in the xy plane, at an area which then opened to a distal expansion, functional conduction block can occur ( Figure 3 ). 6 Two configurations are shown. In one diagram, the regions of conduction block, shown as thick black lines, are aligned edgewise, and in the other they are in parallel. In both cases, when the wavefront, whose direction of propagation is denoted by the arrow, exits a narrowed region to a distal expansion, block will occur if the narrowed region is on the order of 0.5 mm (500 µm) or less. This occurs because the available current from activation at the constrained region is insufficient to activate the greater volume of tissue in the distal direction. The wavefront itself changes in curvature at the transition (dotted lines denote the leading edge of the activation wavefront at several locations). When there is no change in geometry in the propagating direction, the activating wavefront is a straight line. However, when the wavefront passes through regions with differing geometry, it becomes curved. When it travels from a lesser to a greater volume of conducting tissue, it becomes convex in curvature, that is, the leading edge of the wavefront points outward at its center in the direction of travel, and it slows. This is shown in both schematics where there is a distal expansion in the propagation direction. If the wavefront becomes critically convex, because of a very large change from lesser to greater volume in the travel direction, conduction block will occur in the forward direction. Contrarily, at regions with distal constriction as in the schematic representation at right in Figure 3 , the wavefront becomes concave and speeds up.
The occurrence of a critical wavefront convexity in the xy plane can be mathematically formulated as follows. The velocity of impulse conduction without curvature θ o is dependent on the longitudinal resistance R of the conducting medium 15 : The conduction velocity is θ o when the wavefront propagates through a conducting medium lacking changes in volume along the path, that is, the leading edge of the wavefront remains a straight line. However, when the geometry of the conducting medium changes, the wavefront curves, with the conduction velocity given by
where θ c is the conduction velocity contribution due to wavefront curvature. In the IBZ, θ c can be estimated as follows 15, 16 :
where D, the diffusion coefficient, is the current flow due to the transmembrane potential gradient, with a value of 0.05 to 0.2 mm 2 /ms in ventricular myocardium. 17 The term ρ is the degree of wavefront curvature and has units of mm −1 . Thus, 16
The degree of wavefront curvature ρ is related to the local radius of curvature r 7,15 :
Hence
If there is no conduction across the lateral boundaries, so that no-flux conditions exist, the wavefront can be modeled as a circular arc 5 :
where β is the angle between the travel direction at the midline and the no-flux boundaries. The no-flux boundaries are infarcted tissue or the heart surface, present at either end of the wavefront. This configuration is illustrated in Figure 4 . The chord length w and the travel direction of the wavefront are shown as dotted lines. The arc between the 2 thick lines represents the propagating wavefront. The thick lines are no-flux boundaries, either infarct or heart surface. On the basis of this configuration,
As the fraction on the right-hand side of the equation increases, the wavefront will slow, or block when
where the arrow denotes that the value of the left-hand term approaches that of the right-hand term. The fraction is maximized when β=90° (sin β=1), and w is minimized. If θ o =0.4 mm/ms, a typical speed of propagation in the IBZ, D=0.1 mm 2 / ms, and β=90°, then w=0.5 mm (500 µm) so that θ=0. If β<90°, then w must be <500 µm for conduction block to occur.
This configuration can be extended along the z axis (IBZ thickness axis). On the basis of geometric considerations and trigonometry, along the z axis 8
where T is the thickness of the border zone, and c is the space step (distance between nodes used for calculation). Suppose that ΔT max is the maximum change from thin-to-thick IBZ in the vector field, and further suppose that
Then from Equation 10,
Let the space step c be 1 mm; then this can more simply be written as follows:
Thus, from Equations 4 and 13,
Although IBZ geometry varies along the x, y, and z axes, it is approximated as uniform over small space steps on the order of c=1 mm (Equation 14). When the change in IBZ thickness ΔT is maximized from thin to thick, and the initial thickness T is minimized, then the quantity ΔT/T in Equation 14 is maximized, and the wavefront will be most likely to block. This would be expected to happen where the IBZ is thinnest, that is, at the location where the isthmus forms, because T is minimized there, and specifically at the lateral boundaries, where the change in ΔT in the thin-tothick direction is maximized, as is actually observed. [8] [9] [10] This phenomenon is illustrated as a thickness map in Figure 5A . The isthmus, which is the thinnest IBZ, is noted as a dark gray rectangle at center, shown with an average thickness Surrounding it laterally are areas of outer circuit pathway which are much thicker, greater than approximately 600 µm, thus rendering ΔT large. Block occurs as the wavefront travels through the isthmus at points along the lateral boundaries, as illustrated by short white arrows and double lines. However, propagation through the isthmus at the exit point is unimpeded, or there may be slower conduction but not block, because ΔT is of lesser magnitude per unit spatial distance (lighter gray area with gradient).
Based on activation wavefront curvature, it is also possible to predict regions with more rapid conduction velocity in the IBZ during reentrant tachycardia. 8 Suppose that the transition from thinnest border zone to thickest outer circuit pathway is a change Z, thus
where dT i is the change in border zone thickness at space step i, and the total thickness change Z from thinnest to thickest border zone or vice versa is the sum of changes from space step 1 to n. Suppose the change Z transpires all in 1 space step j. This can be represented as follows:
Very slow conduction or block will occur at j in the thin-to-thick direction due to the large thickness change Z there (large source-sink mismatch). In the thick-to-thin direction, a transient increase in conduction velocity θ will occur at space step j, however, θ=θ o elsewhere along the path. Thus, it can be postulated that gradual changes in T along each space step according to Equation 15 , rather than 1 sharp change at j as in Equation 16 , will minimize travel time. To determine the exact relationship, from Equations 4 and 12,
The transit time (TT) for the activation wavefront to travel from one point in the circuit to another can be estimated from the inverse of the conduction velocity given by Equation 17
and dT i is the change in IBZ thickness between space steps i and i+1
and (dotted arrows, B) , depending on the thickness transition there. A more uniform thickness gradient between the isthmus long axis at the centerline and the lateral edges increases wavelet speed in that direction (longer dotted arrows, B).
Functional Conduction Block
To minimize the transit time from the thinnest IBZ (isthmus location) to the thicker tissue of the outer pathway or vice versa, the quotient rule can be used, that is,
Thus,
with the equation set to zero, which reduces to
which has an approximate solution of
for n space steps, and a total thickness change Z from isthmus to outer pathway or vice versa, regardless of whether the sign of dT i is positive or negative (wavefront convex or concave). Therefore, according to Equation 27 , the most rapid path from thin-to-thick or thick-to-thin, would be one in which there is a constant, minimized thickness change ΔT i for all space steps i=1 to n. Although Equations 15 to 27 partially pertain to travel in the outer pathway where functional block does not occur, and it is not desirable to ablate there because it is not a constrained region, knowledge of the location of the fastest pathway may be important to determine how the circuit can interact with other potential circuit structures located elsewhere in the IBZ.
Electrogram Fractionation at the Lateral Isthmus Boundaries
Although the lateral isthmus boundaries can be treated, to a first approximation, as having a uniform and steep thickness transition all along each boundary ( Figure 5A ), this is not precisely correct. The change in thickness along each lateral boundary can be highly variable, because the thickness within the isthmus versus that in the outer pathway on the opposite side of the lateral boundaries can be quite variable when measured by histology or magnetic resonance imaging (MRI). [8] [9] [10] If the change in thickness across the boundary causes critically convex wavefront curvature to occur along its entire length, then functional conduction block will form all along the boundary ( Figure 5A ). Suppose however that alterations in thickness at the transition are variable, and although they cause the activation wavefront to be convex, it does not become critically convex. 18 Under such conditions, activation will proceed outward from the boundary without blocking, albeit very slowly, as is shown in Figure 5B . As for the uniform boundary in Figure 5A , the electrical impulse similarly travels through the isthmus of Figure 5B along the long axis. At the lateral boundaries, however, the thickness transitions are less steep and also variable when compared to Figure 5A . Thus, critically convex curvature is not attained, and the activation wavelets can propagate laterally. The lateral speed of propagation depends on the sharpness of the thickness transition there and is slower for steeper transitions (noted as smaller arrow length to connote lesser speed in Figure 5B ). This lateral propagation does not break through to the outer pathway, because the wavefronts traveling along the circuit propagate and activate the outer pathway on either side of the isthmus rapidly, thus maintaining the functional integrity of the block lines at all segments along the lateral boundaries. When a bipolar electrode is positioned in proximity to the lateral boundaries with variable thickness transition during reentrant ventricular tachycardia, the difference in voltage at the bipoles will depend on the sum of all of the electric fields emanating from the disrupted, distinct activating wavelets, which are thereby independent voltage sources. 18, 19 This is given, to a first approximation, by the following equation 18 : 
where φ e is the extracellular voltage observed at an observation point P and time t o , k 1 , and k 2 are constants, x and y are the distances from source to recording electrode along the x and y axes in the coordinate system, and j is the grid square number, with the summation being for all grid squares that are activating at time t o . If the electrode is bipolar, then the bipolar extracellular signal can be estimated as follows 18 : 
where p and n represent the positive and negative electrodes, respectively. The bipolar extracellular signal can be calculated at each time epoch, typically every millisecond when the A and B) . The distinct wavelets are noted by dotted arrows in A and a few are shown by short lines in B. A bipolar recording electrode is depicted as a double circle in A and B. The bipolar electrogram recorded from this location is fractionated (C) because of the proximity of several discontinuous activation wavelets 1 to 3. Functional Conduction Block digital sampling rate is 1 kHz. Figure 6 illustrates how such wavefront discontinuities can cause electrogram fractionation. Figure 6A is the schematic representation of Figure 5B for reference, and Figure 6B shows the leading edge of several activation wavelets (tip of laterally directed arrows) in each case. According to Equation 29 , the voltage observed at the bipolar electrode (example location shown as double circles in Figure  6A and 6B) will depend upon the location, length, and timing of each activating wavelet travelling laterally outward along the isthmus boundaries. Since the electric field diminishes as the distance from the source increases, a bipolar electrode in proximity to one of the lateral isthmus boundaries will be much less affected by the electric activity of distant wavelets. The bipolar electrode voltage will, however, be significantly affected by local electric activity from the activation wavelets in close proximity along the transition boundary. Because the wavelets have different distances from the electrode, varying timing and segment length, and different angle with respect to the bipole, the resulting bipolar electrogram, as described by Equation 29 , will be fractionated, with each deflection caused by 1 or more of the independent wavelets of activation crossing the boundary. Larger deflections in the electrogram will occur when those segments of the boundary in closest proximity to the electrode, and those with longer segment length, activate nearby to one and then the other of the bipoles (Figure 6 , labels 1 and 2). Immediately adjacent segments with differing speed of propagation will also cause relatively large deflections in the electrogram (Figure 6, label 3) . Additional, lesser electrogram deflections will appear and overlap besides those shown in Figure 6C , caused by voltage sources at wavelets more distant from the bipole, and depending on their timing. Since the electric field diminishes as the distance increases from the source (activation wavefront) to the receiver (electrode), fractionation because of discontinuities in the laterally traveling wavelets can only be readily observed by a bipolar electrode positioned within approximately 1-2 cm of the lateral isthmus boundaries. Thus, this mechanism cannot be used to explain electrogram fractionation that might occur very distant from the isthmus location. However, in canine postinfarction, much of the observed electrogram fractionation occurs in proximity to the lateral lines of block during reentrant ventricular tachycardia. 18 Furthermore, electrogram fractionation can also occur at the same region during sinus rhythm, if the wavefront travel direction also causes it to transition across zones of sharp gradient from thinto-thick along the IBZ. 18
Unidirectional Block During Premature Stimulation
Reentrant ventricular tachycardia is initiated when a premature stimulus, with a coupling interval of approximately 120-170 ms, is imparted to the IBZ at an appropriate location. 1, 2, 20 This is illustrated in Figure 7 , which is a schematized activation map with 20 ms isochronal spacing, and IBZ thickness is given by the grayscale bar. Approximate IBZ thicknesses along the z axis are shown. In Figure 7A , the location where the reentry isthmus will form is outlined by dotted black lines. The premature excitation wavefront originating from the stimulus site propagates outward and blocks along a boundary line in the thin-to-thick direction, which is a few centimeters distant ( Figure 7A , white dashed line). 21 The wavefront then bifurcates and travels around the block area. The distinct wavefronts coalesce on the opposite side of this boundary and proceed to travel across it in the opposite direction. If sufficient time for recovery of excitability has occurred, the Figure 7B ). Thus, this boundary is a unidirectional line of conduction block. As reentry is initiated ( Figure 7B ), the wavefront traveling within the isthmus will block in the lateral directions due to the steep thin-to-thick transitions there (short white arrows and double lines). In Figure 7B , there is also a thin-to-thick transition at the exit point. Block does not form there, however. This can be explained by the dependency for the ability of a particular degree of convex wavefront curvature to cause functional conduction block on the rate of stimulation. 6, 21 At the short coupling intervals of premature stimulation, 120-170 ms, functional block will occur even when the thin-to-thick transition is only moderately steep ( Figure 7A , dashed white line). However, at the longer coupling interval of tachycardia, averaging 200 ms, 22 a much steeper transition is necessary for block to occur (Figure 7B, dotted black lines) . Thus, for this particular reentrant tachycardia circuit, with cycle length of 200 ms, block does not occur at the isthmus exit (time approximately 10-20 ms on the map of Figure 7B ). The steepness of the spatial thickness transition may also be less at the isthmus exit, when compared with the entrance, further increasing the likelihood of successful propagation there at ventricular tachycardia cycle lengths averaging approximately 200 ms. The pattern of activation during premature stimulation, the necessity of the location of the stimulus site to be in proximity to the protoisthmus exit, the location of a moderately steep thin-to-thick transition at the protoisthmus entrance during premature stimulation, and the presence of very steep thin-to-thick transitions at the lateral boundaries when the impulse propagates through the isthmus, all contribute to form the classic double-loop reentrant circuit pattern, which is observed in both canine 8 and clinical postinfarction, 13 with the aforementioned coupling intervals of premature stimulation and cycle length during tachycardia.
Although functional block is important to maintain reentry, so too is the pathlength around the reentrant circuit. The size of the isthmus is constrained by the circuit pathlength necessary for recovery of excitability to have occurred at the leading edge of the wavefront. 23 Typically, the isthmus is ≈2.1 mm squared. 22 This provides a sufficient pathlength so that the time around the circuit is approximately 200 ms, enabling reentry to occur with recovery of excitability all around the circuit. The range of isthmus size is constrained at the lower end by the need for a sufficient path length to maintain an excitable gap around the path. It is constrained on the high end by the length of the path. As the pathlength increases, so too does the tachycardia cycle length, so that eventually functional block cannot be maintained outward at the lateral isthmus boundaries, due to the long coupling interval between excitations. However, if the lateral boundaries have a very steep thickness transition and can maintain block even at very long coupling intervals, then the tachycardia cycle length might possibly become so long that it is interrupted by a sinus beat.
Based on the wavefront curvature model, multiple reentry morphologies sharing a single central common pathway location could potentially occur in both canine and clinical postinfarction hearts. [11] [12] [13] When 2 reentry morphologies are inducible, the isthmus can be similar in orientation, but the wavefronts travel in opposite directions during the diastolic interval (Figure 2A ). This can occur if the thin-to-thick transition is sufficiently great on each isthmus end so that unidirectional block can form at either end, depending on the premature stimulus location, but the delay as the wavefront bifurcates around and enters the isthmus is sufficiently long so that it can travel across the isthmus exit unimpeded. If the isthmus perimeter has 3 segments with moderate transition and 3 segments with steep transition from thin to thick, then any of the edges with moderate thickness transition could act as an entrance or exit point ( Figure 2B ). Multiple reentry morphologies would be inducible, depending on the location of the premature stimulation site, which will be in proximity to the protoisthmus exit.
Functional Conduction Block in Midmyocardial Reentrant Circuits
Although reentrant ventricular tachycardia circuits often occur in the xy plane in the subepicardium or subendocardium, bounded by the heart surface and by infarct at depth, midmyocardial (intramural) circuits can also occur and can be mapped with plunge electrodes in canine postinfarction. 24 If it is not possible to map an entire reentrant circuit at the heart surface, it is likely that a portion or all of the circuit is intramurally located. Three possible structural configurations may result in intramural reentry. 24, 25 Suppose that there is an infarct in the midmyocardium, but that 2 strands of surviving myocardial fibers remain embedded in the infarct, which are connected at the ends, forming a loop. These strands may articulate at their ends to other surviving myocardial fibers, as is shown in Figure 8 , with fibers depicted in blue and infarct area denoted by violet shading. Let a premature stimulus proceed from one of these connecting strands toward the loop ( Figure 8A , red arrow). The premature impulse will bifurcate at the strand connection and then travel unimpeded along the lower strand (colored arrows from orange to yellow). However, along the upper strand, there is a sharp distal expansion, causing functional conduction block due to the convexity of the wavefront curvature and the short coupling interval (double black lines). The wavefront traveling along the lower strand enters the upper strand with the expansion but successfully propagates in the opposite direction (green and blue arrows). Although there is an area with distal expansion, it is not as sharp as in the opposite direction; thus, block does not occur in this direction because ΔT/T is reduced. The single wavefront then arrives at the connecting point in the strands on the left side and travels unimpeded in the same direction ( Figure 8B) , forming a single-loop reentrant circuit in the midmyocardium. The articulations at the strand ends serve as conduits, spreading the activation wave from the single-loop reentrant circuit to other portions of the heart.
Similar to the configuration of Figure 8 , suppose that there is a single surviving strand in infarction ( Figure 9A ). 25 The strand is again shown in blue, whereas the infarct area is violet shading. From the stimulus point, the activation wavefront proceeds as noted by the red arrows ( Figure 9A ). Block occurs in the strand at the sharp distal expansion (double black lines). Propagation continues, however, outside the confines of the infarct area (orange, yellow, and green arrows). Activation along the strand in the opposite direction then proceeds Functional Conduction Block successfully due to the lesser sharpness of the expansion in that direction ( Figure 9A , blue and violet arrows). Thus, reentry is initiated ( Figure 9B) with a concentric or coaxial configuration (the activation wavefront can proceed all around the outer shell).
For the strand configurations, the conduction velocity can be approximated using 25
where w 1 and w 2 are average cord lengths about the solid angle at a proximal and distal point along the surviving myocardial strand, respectively, and c is the distance, or space step, between the points. Thus, from Equations 8 and 30, Figure 9 . A single surviving myocardial strand (light blue) is surrounded by infarcted tissue (violet shading). When a premature stimulus is imparted at one end (A), block occurs at the distal expansion of the strand (double black lines). However, activation continues outside the infarcted region (arrows), leading to a concentric or coaxial reentrant circuit in the midmyocardium (B). Adapted from Ciaccio et al. 25 Copyright © 2016, Elsevier, Inc. Authorization for this adaptation has been obtained both from the owner of the copyright in the original work and from the owner of copyright in the translation or adaptation. 
Hence the right-hand term becomes larger as the proximal chord length w 1 diminishes and the distal chord length w 2 increases, with the proximal chord length w 1 being small in value.
One other configuration that can result in intramural reentry is the presence of a thin slab of surviving tissue in the midmyocardium. 24, 25 The configuration is given in Figure 10 . The viable midmyocardial tissue is shown by light red shading. This configuration is actually similar to that of surface reentrant circuits, and the same equations can be used to estimate conduction velocity (Equations 1 through 14). However, instead of infarcted tissue bounding the circuit along the z axis at one end, and the heart surface constraining it along the z axis at the other end, the midmyocardial circuit is constrained at both ends of the z axis by areas of infarcted tissue (Figure 10, violet) . As for surface reentrant circuits, if the change in thickness at the isthmus boundaries is sufficiently large, on the order of 500 µm, then functional block can occur at the protoisthmus entrance ( Figure 10A , double black lines) when the premature stimulus originates from the protoisthmus exit side, and functional block can also occur along the lateral boundaries during reentry ( Figure 10B , double black lines). For reentry to be initiated, a premature wavefront would arrive at the entrance region in the thin-to-thick direction and block ( Figure  10A ). The wavefront would then bifurcate and travel around the infarcted areas; the distinct activation wavefronts then coalesce, propagate through the protoisthmus entrance, and cross the line of unidirectional block in the opposite direction, supposing that recovery of excitability has occurred. As with double-loop surface reentrant circuits, the single impulse would propagate through the isthmus, being impeded from traveling in the lateral directions by sharp thin-to-thick transitions, but successfully traveling outward across the isthmus exit, because of the delay in the arrival of the wavefront and the more gradual thin-to-thick transition there as compared with the lateral boundaries. The circuit of Figure 10 can either be concentric or double-loop, depending on the structural configuration of the infarcted tissue.
Discussion

Summary
Herein, mechanisms by which functional conduction block can form to support reentrant ventricular tachycardia were considered, with emphasis on the wavefront curvature model. It was shown that regions of transition from thin-to-thick in the IBZ can be responsible for several features of reentry, that is, (1) the functional block lines forming at lateral isthmus boundaries to anchor double-loop reentrant circuits, (2) electric discontinuities with independent wavelets traveling at differing speeds outwardly at the lateral boundaries, resulting in electrogram fractionation in proximity to the reentrant circuit isthmus, (3) formation of a unidirectional block line during premature excitation, at which the activation wavefront bifurcates, travels around, coalesces, and reenters the previously excited area to initiate reentry, and (4) presence of intramural reentrant circuits originating either from strands of surviving myocardial fiber, or slabs of remaining viable tissue, constrained by infarct. Although based on canine postinfarction studies, 8, 18, 21, 25 similar patterns of electric activation occur in clinical reentrant ventricular tachycardia. 13 Often if not always in clinical cases, mappable circuits at the endocardial surface exhibit a double-loop configuration and are initiated by a premature stimulus, that causes a unidirectional block line, bifurcation of the wavefronts around the line, and reentry into the previously excited region when there is sufficient time for recovery of excitability. Transitions in molecular-level properties in the connections between myocytes likely contribute to unidirectional block formation as well. However, the presence of a transition zone with differing molecular-level properties on either side requires elucidation. One possibility is that changes in the properties might depend upon the proximity of the remaining viable myocardial substrate to the infarct region; thus regions with sharp change in IBZ thickness would coincide with regions of dramatic change in connections between myocardial cells. 8, 10 
Clinical Perspective and Ablation Strategy
During clinical electrophysiological study, a variety of techniques can be used to localize the circuit in patients with ventricular tachycardia caused by reentry. Many of these techniques involve inducing the clinical tachycardia morphology. However, it may not be tolerated well by the patient and may need to be terminated before completion of the mapping protocol. Furthermore, not all clinical reentrant tachycardia morphologies that are manifested in the patient may be inducible by artificial electric stimulation. 20 Thus, a complete map of areas of Figure 10 . When a slab of viable tissue (red shading) remains between 2 infarcted areas (violet), functional block can occur at the distal expansion during premature stimulation (black lines, A) and at the lateral boundaries during reentry (black lines,  B) . Thus, a double-loop or coaxial reentrant circuit forms in the midmyocardium. Adapted from Ciaccio et al. 25 Copyright © 2016, Elsevier, Inc. Authorization for this adaptation has been obtained both from the owner of the copyright in the original work and from the owner of copyright in the translation or adaptation. Functional Conduction Block arrhythmogenicity may be unattainable. Even when complete maps are created however, they may be partially inaccurate. Areas of low voltage, identifiable during both tachycardia and during sinus rhythm, may coincide with the reentry isthmus in part, but they may also occur in other areas. 26 Entrainment of the heart during ventricular tachycardia that achieves the same morphologies in the leads of the ECG as without pacing (ie, concealed entrainment) suggests that the pacing electrode is near the isthmus exit, 26 but this localization is not always possible to attain. Furthermore, bystander areas not important to the circuit may render similar ECG characteristics. 27, 28 Pace mapping during the normal sinus rhythm that achieves similar ECG morphologies as during reentrant tachycardia is possible when the pacing catheter is at the isthmus exit but can be inaccurate for the same reasons as when entrainment during tachycardia is used for localization. 29 Thus, the need for a technology that can detect and localize features of the reentrant circuit without the requirement to induce all clinical ventricular tachycardia morphologies, and with improved accuracy over currently available methods.
The wavefront curvature model as characterized herein could potentially be used for prediction of reentrant circuit locations in the postmyocardial infarction patient. This would, however, necessitate the use of cardiac magnetic resonance imaging or some other imaging process before electrophysiological study. This will not be possible in all patients, because of the presence of heart pacemakers and implantable cardioverter-defibrillators. However, in those patients in which it would be possible to image the heart with high resolution, say, <0.5 mm (<500 µm) resolution, which can be done with cardiac magnetic resonance imaging, then regions with significant thinnest-to-thick IBZ geometry could be detected and located. Even when multiple clinical morphologies of reentry are evident in the patient, the arrhythmogenic tissue from which each of these is initiated would potentially all be detectable without resorting to inducing tachycardia or mapping during electrophysiological study. Ideally, this would mean that most of the procedure time during the study could be devoted to actually ablating arrhythmogenic zones determined from the magnetic resonance images at areas with substantial ΔT/Tlarge surfaces with moderate ΔT/T that could act to form unidirectional block lines during premature excitation and serve as the protoisthmus entrance regions, and areas of steep ΔT/T bounding the thinnest border zone, which would serve to form the lines of functional block bounding the isthmus during tachycardia. The possibility of inducing multiple reentry morphologies would be evident based on the number of steep thin-to-thick transition segments, and the number of moderate thin-to-thick surface areas on the order of 1 to 2 cm across, necessary to provide for a sufficient pathlength, that were present at the edges of the thinnest border zone evident in the magnetic resonance imaging, as illustrated in Figure 2 . On the basis of the formulated equations, when the thinnest border zone is much thicker than 500 µm, reentrant ventricular tachycardia will not be inducible because ΔT/T is insufficiently large to cause critically convex wavefront curvature. Occasionally, multiple reentry morphologies with different isthmus locations are inducible in the IBZ, 11 and the thinnest regions responsible for each of these would need to be separately ablated across the long axis.
Conclusions
Wavefront curvature equations are useful to pinpoint where functional conduction block, which is crucial to the onset and maintenance of reentrant ventricular tachycardia, will likely occur in the IBZ. Specifically, block can occur at locations where ρ ∝ ΔT/T is maximized, with ρ being the degree of convex wavefront curvature, and T being the border zone thickness. Thus, areas where ΔT is maximized, that is, at sharp transitions from thin-to-thick IBZ, and where T is minimized, that is, at the thinnest border zone, are likely areas for functional block to occur. Wavefront discontinuities at such thin-to-thick transitions result in electrogram fractionation, which when detected can be helpful to localize optimal sites for radiofrequency catheter ablation.
Limitations and Future Directions
During premature stimulation of the canine IBZ, unidirectional block does not always occur at the protoisthmus entrance. 8 The mechanism by which it can form elsewhere should be described in detail in future studies. Although observations have been made in canine postinfarction of the relationship between IBZ structure and thickness, to the conduction velocity of the activation wavefront during reentrant ventricular tachycardia and to the functional lines of conduction block that forms, this should be repeated in clinical tachycardia cases. The measurements done in canine postinfarction hearts included a limited number of experiments. A larger cohort is needed to confirm the results. The equations to describe wavefront curvature in 3 dimensions were formulated using several approximations, which may not necessarily be valid under all circumstances. Thus, for example, the use of Equation 10 rather than Equation 13 for calculation of the degree of wavefront curvature may be helpful in some instances. In future work, the equations formulated in this study should be validated using an ion channel/molecular-level model.
